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Abstract: In this study, we describe the development of an automated immunomagnetic separation
device combined with real-time polymerase chain reaction (PCR) for detecting foodborne bacteria.
Immunomagnetic separation (IMS) is a well-known method for the separation and concentration
of target bacteria from a large volume of food samples. Magnetic beads functionalized with an
antibody provide selectivity for target bacteria such as Escherichia coli O157:H7. Moreover, compared to
conventional methods, real-time PCR enables high-sensitivity detection of target bacteria. The method
proposed in this study involves three steps: (1) pre-enrichment, (2) automated IMS and concentration
of target bacteria, and (3) detection of target bacteria by real-time PCR. Using food samples with a
working sample volume as large as 250 mL, the whole process only requires 3 h. As a result, target
bacteria in the range of 10'~10? colony-forming units per mg or g of sample can be detected in food
samples, such as milk, ground beef, and cabbage, by using the proposed approach. We anticipate that
the automated IMS system combined with real-time PCR will contribute to the development of a
fully automated system for detecting foodborne bacteria and serve as a multi-tester for a variety of
bacterial strains in the capacity of a sample-to-answer device in the near future.
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1. Introduction

Escherichia coli O157:H7 is a pathogenic bacterium harmful to human health. The major reservoirs
of E. coli O157:H7 include cattle, ground beef, milk, and uncooked vegetables. In humans, a very low
infectious dose is enough to cause various illnesses, such as diarrhea and hemolytic uremic syndrome
(HUS), which can lead to serious health and financial consequences [1-4]. A straightforward and
rapid analysis method is key to minimizing the risk of foodborne pathogens. However, traditional
methods for detecting foodborne bacteria rely on a long enrichment time or culture-based growth on
a selective agar medium [1,5]. Polymerase chain reaction (PCR) has been reported as an alternative
rapid detection method [6,7]. Among the PCR-based methods, real-time PCR is promising for the
rapid detection of bacteria in a quantitative manner [8,9].

However, the reliability of PCR results depends on both the quantity and quality of the sample,
including factors such as the number of target bacteria and the nature of the food matrix. When target
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bacteria are present at an insufficient level or absent, amplification and detection fail to occur.
Some studies have reported the detection of E. coli O157:H7 using real-time PCR with a long enrichment
time (>16 h). However, relying upon a long enrichment time is disadvantageous in preventing food
contamination by undesired bacteria [10,11]. Furthermore, in the presence of PCR inhibitors with the
target DNA, amplification does not occur successfully. Many studies have reported that PCR is inhibited
by certain components of food and culture media [12-16]. Direct PCR-based detection of bacteria can
be difficult in various complex food matrices, such as pork, salmon, and milk; moreover, pretreatment
requires multiple steps to optimize the enzyme-based reaction conditions [17-19]. Therefore, there is a
high demand for a straightforward and selective method of food sample preparation that includes
selective separation and concentration of target bacteria from the food matrix.

Recently, manufacturers have begun to produce and commercialize immunomagnetic separation
(IMS)-based automated devices. Antibodies bound to the surface of the device’s magnetic beads
can enable selective capturing of target bacteria from various sample matrices. The magnetism
of the magnetic beads can be used to rapidly separate and concentrate bacteria in a large sample
volume (250 mL) using an external magnetic field, which can also eliminate PCR inhibitors. However,
these challenges can be overcome or minimized by the incorporation of IMS during food sample
pretreatment [20-23]. For example, the Pathatrix Auto System facilitates quick and easy isolation of
the target bacteria from food, although it involves a tedious enrichment step (>5 h), and requires a
small sample volume (10 to 60 mL) as an individual separation module [24,25].

In this study, we developed an automated IMS device for the pretreatment of food samples for
selective separation and concentration of target bacteria, and we combined it with real-time PCR for
quantitative detection of bacteria. The proposed approach could both improve detection sensitivity
and shorten the time required to identify immunological targets from various food sample matrices.
Here, to demonstrate the features of the combined detection method, pathogenic E. coli O157:H7 was
used to artificially contaminate milk, ground beef, and cabbage as model food matrices. The combined
system was effective in simplifying the pretreatment steps for the separation and concentration of target
bacteria and the elimination of PCR inhibitors, facilitating the detection of low levels of pathogenic
bacteria in foods.

2. Materials and Methods

2.1. Materials

Fresh milk, ground beef, and cabbage were obtained from a local food market in the Republic
of Korea. Buffered peptone water (BPW) and Tween-20 were purchased from Sigma-Aldrich
(Saint Louis, MO, USA). BacTrace Anti-E. coli O157 Magnetic Beads (catalog No. 082-01-95-90)
were provided by Kirkegaard & Perry Laboratories (Gaithersburg, MD, USA). Tryptic soy broth (TSB)
was purchased from Becton, Dickinson and Company (Franklin Lakes, NJ, USA). Sorbitol MacConkey
agar, cefixime—tellurite supplement for E. coli, and SYBR Green PCR Master Mix were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). The QIAamp DNA Mini Kit and proteinase K
(20 mg/mL) were provided by Qiagen (Hilden, Germany). Primers for real-time PCR were synthesized
by Bioneer (Daejeon, Korea). A MyGo-mini real-time PCR instrument and 0.1 mL PCR tubes were
purchased from Ecogen (Barcelona, Spain). A sterile Whirl-Pak bag (catalog No. B01195WA) was
provided by Nasco (Fort Atkinson, WI, USA).

2.2. Preparation of Pathogenic-Bacteria-Contaminated Food Samples and Immunomagnetic Bead Reaction

In this study, E. coli O157:H7 (NCTC 12079) was selected as the target pathogenic bacteria. Stock
solutions of bacteria were grown in TSB and then placed on a selective agar medium, followed by
incubation at 37 °C overnight. A single colony was picked and incubated in fresh TSB media overnight
at 37 °C with shaking (200 rpm). One milliliter of broth was centrifuged, and the resulting pellet
was resuspended in phosphate-buffered saline (PBS). We used 3 different food sample matrices: milk,
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ground beef, and cabbage. The food samples (25 mL or 25 g) were artificially spiked with the prepared
E. coli O157:H7 (10'-10® CFU in sample), and each food sample was placed in a stomacher bag.
The concentration of E. coli O157:H7 was confirmed by counting the colonies grown on the selective
agar medium. Each food sample was then mixed with 75 mL of BPW containing 0.05% Tween-20
(BPWT) and homogenized for 1 min using a paddle blender. In the case of ground beef and cabbage,
the solid matrix after the homogenization step was separated by a vertically adhered 250 pum filter inside
the stomacher bag. Subsequently, the anti-E. coli O157 magnetic beads (500 uL; >1 x 10° beads/mL)
were added to the stomacher bag containing the homogenized aqueous food samples. The prepared
mixture was incubated to enrich for contaminated bacteria at 37 °C with gentle shaking for 60 min and
then injected automatically into the IMS device. In addition, E. coli O157:H7 (<10 colonies in 25 mL or
25 mg of food samples) was tested with a 120 min enrichment step.

2.3. Automated IMS Process

The principle of the automated IMS operation and the performance of the fabricated automated
IMS device have been described in our previous studies [26,27]. In brief, the automated IMS device used
consisted of a peristaltic-pump-based fluidics control component and an external magnetic field-based
bacterial recovery component. A 100-mL incubated food sample with target-specific immunomagnetic
beads was injected automatically into the device, and 150 mL of BPWT flowed into the collection tube.
The 250 mL solution was then equally divided into 8 collection tubes. Subsequently, the cylindrical
glass-covered magnetic bars were used to isolate the immunomagnetic beads along with the target
bacteria from the sample solution. After completion of the sample injection, the immunomagnetic
beads bound with bacteria were separated automatically and concentrated into a single recovery tube
containing 2 mL of PBST (PBS buffer with 0.5% Tween-20). The recovery process was repeated twice to
obtain the remaining immunomagnetic beads, and the entire process was completed automatically in
30 min. Finally, the bacteria that adhered to the immunomagnetic beads were collected in 2 mL of
recovery solution and concentrated into 100 pL of elution buffer by manual magnetic separation.

2.4. Real-Time PCR

Real-time PCR was performed by adding SYBR Green PCR Master Mix (2%, 10 pL), each primer
(10 pmol, 1 uL), boiled cell lysate (2 uL), and deionized water (6 pL) into a 100 pL PCR tube.
The sequence-targeted eaeA gene of E. coli O157:H7 was amplified using the following primers: forward
primer 5-GTA AGT TAC ACT ATA AAA GCA CCG TCG-3' and reverse primer 5’-TCT GTG TGG
ATG GTA ATA AAT TTT TG-3' [11]. The bacteria recovered by the automated IMS were heated at
95 °C for 5 min, followed by 45 cycles of denaturation at 95 °C for 15 s, annealing at 60 °C for 20 s,
and extension at 72 °C for 20 s. Subsequently, the temperature was gradually increased for the melting
curve analysis and then reduced to 4 °C. Fluorescence intensity was monitored during amplification
and melting curve analysis, and the collected data were analyzed using MyGo-mini software version
3.2 (Ecogen, Barcelona, Spain).

2.5. Recovery Monitoring and Data Analysis

The conventional method was used to confirm recovery of E. coli O157:H7 and to obtain a standard
curve to assess the correlation between quantification cycle (Cq) and concentration of genomic DNA
(Figure 1). This method involved culture-based enrichment for 18-24 h and growth on the selective agar
medium that supported the growth of the target bacteria. A single colony was picked and enriched
for 18-24 h, and the genomic DNA of the target bacteria at 10° CFU/mL was then extracted using the
QIAamp DNA Mini Kit. Next, the eluted DNA was serially diluted, and each decimal dilution was
amplified by real-time PCR under the same conditions mentioned above. The target E. coli O157:H7
cell lysates (10'-10° CFU in 100 uL elution buffer) that had been prepared by heating were quantitated
by real-time PCR. In addition, the number of cells was confirmed by counting the colonies grown on
selective agar medium. Negative-control experiments were performed using genomic DNA extracted
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from nontarget S. enterica and S. aureus at 10° CFU/mL by real-time PCR using E. coli O157:H7 eacA
gene-specific primers.

Conventional method Automated IMS device based approach
Pre-enrichment Pre-enrichment of E. coli 0157:H7
for24 h with immunomagnetic beads for 60 min
1
1
1
v l
Plating on
selective medium Separation and concentration
for 18—24 h (automated IMS)
for 30 min
1
1
‘;, Ground beef Milk and cabbage
Enrichment l
for 18—24h
' Treatment of
1 Proteinase K
v for 10 min
; Boiling
Genomic DNA d
extraction using a ‘L for 10 min
kit
Boiling
: for 10 min
1
1
1
i
b > Real-time PCR

Figure 1. Procedure for the detection of target Escherichia coli O157:H7 in food samples. Contaminated
food samples were subjected to homogenization and incubation on selective agar medium for
biochemical analysis using either the conventional method or the approach proposed in this study
using the automated immunomagnetic separation (IMS) device for the pretreatment step.

In the case of the ground beef sample, the recovered bacteria conjugated with immunomagnetic
beads were treated with proteinase K at 65 °C for 10 min to eliminate protein-related PCR inhibitors
and subsequently heated at 85 °C for 10 min to extract genomic DNA. In the case of milk and cabbage
samples, the recovered bacterial cells were directly boiled at 85 °C for 10 min in elution buffer without
additional treatment. At this point, the immunomagnetic beads were immediately separated from the
solution by using an external magnetic field. Subsequently, real-time PCR analysis was performed
using the recovered 2 puL of bacterial lysate under the same operating conditions mentioned above.

3. Results and Discussion

3.1. Establishment of a Standard Curve

A standard curve was generated using genomic DNA from E. coli O157:H7 to confirm the efficiency
of the PCR primers used. Eluted genomic DNA from E. coli O157:H7 was prepared as a 10-fold
dilution series. The Cq values of real-time PCR were plotted on a logarithmic scale versus the DNA
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concentration (inset graph of Figure 2). The slope (-3.5) of the standard curve indicated that the
efficiency of the primer for the target gene was 93.07%, based on Equation (1).
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Figure 2. Standard curves for heat-killed E. coli O157:H7 and for eluted genomic DNA (inset). The curves
display a linear correlation between quantification cycle (Cq) and the quantity of cell lysate or dilution
factor of genomic DNA.

It has been proposed in previous literature that the efficiency should be between 90% and 110%
in order for it to be considered suitable for quantitative detection [28]. Furthermore, the Cq values
were generated from the E. coli O157:H7 cell lysate and compared with the concentration of recovered
bacteria in the food samples (Figure 2). These results were obtained by real-time PCR under the same
operating conditions used for the recovered sample. Thus, it was possible to quantify the cells in the
recovered sample and to theoretically evaluate the initial concentration of E. coli O157:H7 present in
the foods [27].

3.2. Detection of E. coli O157:H7 by Automated IMS Combined with Real-Time PCR

The automated IMS system required only 90 min to complete the entire process, including
enrichment, separation, and concentration of target bacteria from food samples. The tested food
samples were artificially contaminated with a set number of bacteria (10'-103 CFU in 25 mL or mg)
and homogenized with the BPWT solution. The pre-enrichment step was implemented for 60 min,
and then the sample was injected into the automated IMS device along with additional BPWT solution.
Finally, the separated and collected immunomagnetic beads with the target bacteria bound to their
surfaces were reconcentrated in the elution buffer (Figure 3a). In order to confirm the efficacy of the
IMS system compared with the real-time PCR analysis, 1/10 of the recovered solution containing the
target bacteria was subjected to cell counting. The performance and efficiency of the automated IMS
device developed in our study have been confirmed by previous studies [26,27].
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Figure 3. Schematic illustration of the detection method for E. coli O157:H7 using the automated IMS
device combined with real-time polymerase chain reaction (PCR): (a) The IMS process was used for
recovering target bacteria from food samples, in which the target bacteria found in a large volume
of food were separated and concentrated into a small-volume chamber; (b) the recovered bacteria
conjugated with immunomagnetic beads were lysed by heating. After separating the magnetic beads
using an external magnetic field, the desired target genomic DNA was obtained, amplified, and detected
by real-time PCR.

As an additional pretreatment step, proteinase K was added to the recovered ground beef
sample and then boiled for 10 min. Depending on the sample matrix, treatment with proteinase K
is required for enhancing the efficiency of real-time PCR. However, proteinase K not only helps to
denature proteins, which are major PCR inhibitors, but also destroys DNA polymerase [16]. Thus,
it is important to boil the sample after treatment with proteinase K. However, the milk and cabbage
food samples were only boiled after finishing the automated IMS process. Following real-time PCR
analysis, the immunomagnetic beads in the recovered sample solution were removed using an external
magnetic field, which also acted as an inhibitor. Finally, the eluted solution was subjected to real-time
PCR-based analysis (Figure 3b).

Milk contains fat globules and proteins, such as casein, which may interrupt the interaction
between immunomagnetic beads and target bacteria. To enhance sample homogenization and reduce
nonspecific reactions of antibodies and unbound food moieties, the surfactant Tween-20 was used as a
blocking agent for immunodetection and as a solubilizing agent. As shown in Table 1 and Figure 4a,
the target E. coli O157:H7 could be detected at 10! CFU in 25 mL of milk (Cq = 40) and amplified
five out of five times, with a standard deviation of <0.6. Thus, it appears that the IMS device could
eliminate the PCR inhibitors in milk by magnetic separation. This is critical for obtaining PCR products
from milk samples containing target bacteria [29]. The number of colonies counted on the selective
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agar medium was compared with that of the recovered samples from the ground beef and cabbage
(data not shown). As shown in Figure 4b, the Cq value based on the initial concentration in 25 mL of
food sample corresponded to the Cq value from the generated standard curve. As a result, the number
of bacteria recovered by the automated IMS process could be calculated from the standard curve (black
line). Thus, the number of bacteria calculated from Cq value was comparable to that derived from
counting the colonies on the selective agar medium.

Table 1. Cq analysis with standard deviations and number of repetitions/detections (R/D) of the real-time
PCR assay using the samples recovered by the automated IMS process from E. coli O157:H7-contaminated
food samples.

. . Milk Ground Beef Cabbage
Initial Concentration
(CFU in 25 mL or g) Repetition C Repetition C Repetition C
Number (R/D) ! Number (R/D) 1 Number (R/D) 1
10! 5/5 40+05 5/5 38+04 5/0 None
102 5/5 37+04 5/5 36+1 5/5 37 +£0.6
108 5/5 33+0.6 5/5 32+15 5/5 34+0.7
- 4
I milk 10" CFU in 25 mL (mg) standard
— ] beef 40 i ® milk
% I cabbge _ 394 : beef
> 2 ! A cabbage
: % 38 102 CFU in 25 mL (mg)
2 £ 37
© -]
g g 36-
:'E' € 35 10% CFU in 25 mL (mg),
s S
s T 34+
= 3 33-
(&)
32 .
31 ; ;
1 2 ; ] 1 2 3
Initial concentration of E. coli 0157:H7 Number of E.coli 0157:H7 (Log CFU)
(Log CFU in 25 mL or mg)
(a) (b)

Figure 4. Detection of E. coli O157:H7 in milk, ground beef, and cabbage using the automated IMS
device and analysis of the recovered bacteria by real-time PCR. (a) The bars indicate quantification of
E. coli O157:H7 by real-time PCR for various initial concentrations of bacteria (101-10% CFU) in foods
(25 mL or mg). Error bars represent standard deviation. (b) The average Cq values are indicated with
dots, and the black line represents the standard curve. Error bars represent standard deviation.

It is important to consider the composition of beef, as it may influence the efficiency of real-time
PCR. Beef is mainly composed of fat and protein, both of which can hinder the detection of bacteria by
real-time PCR. In particular, beef proteins may cause major problems owing to coagulation during
the amplification reaction [13]. Because a small number of ground beef samples were also separated
with immunomagnetic beads during the IMS process, proteinase K was used for protein breakdown
before performing real-time PCR analysis. As shown in Figure 4a, the Cq value for the ground beef
sample had a larger standard deviation than that for the milk sample. This result indicates that the beef
sample matrix may have influenced the efficiency of the real-time PCR reaction. Nevertheless, the limit
of detection for the ground beef sample was 10! CFU in 25 mg (Cq = 38) as the initial concentration.
Furthermore, the Cq value for the beef sample was the same as or lower than that for the standard
curve (black line), as shown in Figure 4b.

The concentration of E. coli O157:H7 recovered from the cabbage sample was lower than that
from other foods, and the limit of detection of real-time PCR was 10?> CFU in 25 mg. Because cabbage
only has a small amount of nutrients available for bacterial growth during the pre-enrichment step,
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the number of concentrated cells with the immunomagnetic beads was not sufficiently increased.
Thus, the release of DNA polymerase inhibitors in plant tissues reduces the efficiency of real-time
PCR [30]. The conditions for obtaining high-quality target DNA, sufficient enrichment of the target
pathogen, and low presence of PCR inhibitors need to be optimized by simple modifications with a
short pretreatment time.

However, the application of a long enrichment time has been shown to be ineffective in preventing
foodborne bacteria from entering the food supply chain [31,32]. To enhance the detection limit
of real-time PCR, enrichment with immunomagnetic beads was extended from 60 to 120 min.
The subsequent steps were the same as those used for the conditions described above. As shown in
Figure 5 and Table 2, the food samples in this study were used to investigate the amplification of target
bacteria at low initial concentrations, as first estimated theoretically. In the milk samples, the target
gene was amplified three out of five times, and the standard deviation of the Cq value was <1. In the
ground beef samples, the target gene was detected two out of five times, and the standard deviation
of the Cq value was >1. In contrast, no fluorescence signal was observed when the same number of
bacteria was spiked into the cabbage sample, indicating that the cabbage sample required an additional
pretreatment step, including longer enrichment (Figure 5a). Despite its limitations, this automated
IMS device is speculated to be effective in rapidly detecting pathogenic bacteria [33].

0.6 45
I milk
— 441 [ beef
0.5+ [
o 431
=) 3 42
o 0.4 pus
3 S 414
> ®
2 0.3 S 40
g £ 39
-t -
2 o0.21 s
£ S 384
K=
0.1 / o 371
_ O 36
0.0+= —————————
30 35 40 45 35 ;
Cycles N . . .
umber of E. coli 0157:H7 (CFU) in 25 mL
(a) (b)

Figure 5. Detection of E. coli O157:H7 in 3 different food samples using a single colony. The automated
IMS system was used with an incubation time of 120 min, and the recovered bacteria were analyzed by
real-time PCR. (a) Fluorescence intensity of the signal depending on the amplification cycle for bacterial
samples recovered from milk (red) and beef (green). (b) The average Cq values for milk and ground
beef samples. Error bars represent standard deviation.

Table 2. Cq value analysis with standard deviations and number of repetitions/detections (R/D) of the
real-time PCR assay using the samples recovered from E. coli O157:H7-contaminated food samples by
the automated IMS process.

Milk Ground Beef Cabbage
Initial Concentration Repetition C Repetition C Repetition C
Number (R/D) ! Number (R/D) ! Number (R/D) !
<10 colonies in25mL or g 5/3 43+ 0.7 5/2 41 +1.5 5/0 None

4. Conclusions

We applied an automated IMS device combined with real-time PCR to detect pathogenic bacteria
by effective pretreatment of a large volume of food samples. The IMS-based method provides specificity
based on antibody-conjugated magnetic beads, which enable the rapid retrieval of target bacteria
from a heterogeneous food matrix. Furthermore, the bacteria recovered using immunomagnetic beads
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could be easily processed to extract genomic DNA for real-time PCR-based detection. Therefore,
this automated system can improve the limit of detection and reduce the time required for this process.
In this study, real-time PCR conditions were determined depending on the food matrix. The entire
process for the detection of the contaminated target bacteria (10! CFU in 25 mL or g), including food
pretreatment and IMS steps, was completed within 3 h. Thus, a potentially single bacterium in 25 mL or
25 g of food sample could be detected within 4 h by performing additional enrichment. The theoretical
initial concentration of target bacteria in the food samples was predicted based on the standard curve
of cultured E. coli O157:H7.
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